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The effect offiber on the absorptionoffood iron was examined by performing multiple radioironabs. - dietary components that affect food iron availability. Ascorbic acid and animp i tissue have been shown to be major enhancers of iror absorption, and a variety of dietary components sucti as tea, coffee, bran, egg, and certain legumes have been found to impair absorption. Iron-binding experiments carried out in vitro suggest that fiber is an important inhibitory substance (1, 2) , although there is little direct evi dence for this in humans. In the 3tudies reported here, radioiron measurements were performed in human volunteer subjects to evaluate the effect of fiber on nonheme iron absorption. In an initial investigation, the effects of the purified fiber sources pectin and cellulose were compared with that of bran and that of wheat flour ina muffin meal. In a second study, iron absorption was measured from two complete meals that were nearly identical in macronutrient composition but that differed maxi mally in their intrinsic fiber content.
Methods

Subjcts ubst ts
Absorption tests were performed in 21 men and 10 women ranging in age from 18 to 48 yr. All of the subjects gave written informed consent before parti-.ipating in the studies, which were carried out in accordance with the p-ocedures of the Human Subjects Committee at the Uni versity of Kansas Medical Center. None of the subjects had a history of hematologic disease or of abnormalities that might influence the absorption of iron. Serum ferritin de';rminations (3) indicated normal iron status in all but 2 of the subjects. One of these 2 subjects had latent iron deficiency, and the other had a markedly elevated serum ferritin level of 978 #g/L that proved o; further examina tion to be due to idiopathic hemochromatosis.
Absorption Measurements
Two to four separate iron absorption measurements were made in each subject using a dual isotope technique.
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All meals were eaten between 7 ,.M and 9 AM, after an overnight fast, and only water was allowed for the subsequent 3 h. The meals were labeled extrinsically by adding varying amounts of FeCl: containing either 2 zCi of 5'Fe or 5 1.Ci of 5 "Fe in 1.0 ml of 0.01 N HCI (4, 5) . On the first day of each study, blood was obtained for measurement of serum ferritin and background blood radioactivity. The first two test meals were tagged alternately with either "Fe or 55 Fe and administered on 2 consecutive days. Blood was obtained 14 days later to assay incorporated red cell radioactivity. When four separate absorption measurements were performed, the second pair of labeled meals was given on consecutive days 2 wk after the first pair of meals, a final blood sample was drawn 14 days after the last test to determine the increase in circulating red cell radioactivity. All measurements of 7'Fe and -' 5 Fe were performed on duplicate 10-ml samples of whole blood (6) . The percentage of absorption was calculated on the basis of blood volume estimated from height and weight (7). Red cell incorporation of absorbed radioactivity was assumed to be 80% (8).
Because the percentage of absorption is log normally distributed (9), absorption data were converted to logarithms for statistical analysis, and the results w.ere reconverted to recover the original units. When comparing any pair of test meals within the same subject, a paired t-test was used to determine whether the log absorption ratio differed significantly from zero. Since extremely low values are unreliable, subjects were excluded from the analysis when the percetage of absorption from any one of the test doses was <0. 1%. Study 1. Two groups of miale volunteers were used to determine the effects of different forms (if purified fiber on iron absorption. Each subject ate four test meals, A-D, consisting of two 70-90-g muffins and two pats of margarine. Meal A contained plain muffins that were prepared with enrichel white flour, baking powder, granulated sugar, table salt, whole milk, and vegetable oil. The total iron content of this meal was 1.4 mg. The muffins were baked at 200'C for 40 min the day before the study and reheated in a microwave oven before serving. At that time they were halved, and 1.0 ml of radioactive FeCl:1 contain ing 3.0 mg of iron was distributed over the four halves. Margarine was then spread on the muffins and the meal was given with water ad lihitum.
In meals B-D, various sources of food fiber were added to the muffin batter before baking. For meal B, bran muffins were prepared from the same recipe as the plain muffins except that 12 g of red hard wheat bran (standardized bran sample, American Association of Cereal Chemists, St. Paul, Minn.) was added. For meal C, citrus pectin (8 g, Polygalacturonic acid methyl ester, U.S. Biochemical Corporation, Cleveland, Ohio) was added, and for meal D, a-cellulose (8 g, BWL-200 food grade, Solka-Floc Food Company, Berlin, N.H.) was added. The muffins in meals B-D were labeled and administered as described for meal A.
Because of the low percentage o, absorption (0.35%-1.27%) in the first group of subects studied, the meals were modified slightly in an attempt to enhance iron absorption. Water was used in place of milk in the muffin recipe, and 180 ml of apple juice co-taining an additional 50 mg of ascorbic ac: I was served with each mal. Bran, pectin, and cellulose qua,1.'.: were standardized at 5 g per muffin. The design was otherwise identical to that used in the first group of volunteers. Study 2. This study was performed to determine tile effect of the extremes of naturally occurring fiber on the absorption of nonheme iron from a complete meal. Two meals were designed that were comparable with respect to all major nutrients, but that varied widely in fiber content. The composition of the test meals is shown in Table 1 (10) . Tl.e total caloric protein, fat, carbohydrate, calcium, and pliosphorus contents of the two meals were very similar. -owever, only 0.4 g of crude dietary fiber was present in the low-fiber meal, while the high-fiber meal contained 5.1 g of crude dietary fiber. An intake of 10 g of crude fiber per clay is generally considered a high-fiber diet.
Apart from the marked difference in fiber content, the meals also differed in respect to the quantities of iron and ascorbic acid present. Iron (2.7 mg) as FeCI:1 was added to the low-fiber meal so that both meals had a total iron content of 7.4 mg. The amount of ascorbic acid was 209 mg in the high-fiber meal but was negligible in the l,.w-fiber meal. To eliminate this difference, 209 mg if freshly prepared ascorbic acid was added to the milkshake of the low-fiber meal at the time of administration.
The test meals were prepared as follows. Those items that were served hot--beef, potatoes, broc¢:oli, and noo dies-were cooked, weighed into individual portions, and stored frozen for the week before serving. They were thawed in a refrigerator for 24 h before the study and reheated individually in a microwave oven just before being served. The fresh foods-lettuce, tomatoes, and strawberries-were separated into individual servings and were refrigerated 18 h before serving. Each meal was tagged extrinsically by adding 1 ml of 0.01 N HCI contain ing 0.1 mg of iron as radiolabeled FeCI3. In the low-fiber meal, the radioiron was added to the milkshake, and in the high-fiber meal, it was thoroughly mixed into the mashed potatoes.
Results
Study I
In the initial study, the percentage of iron absorption was extremely low, and 2 of the 9 sub jects were excluded from the analysis on this basis. In the remaining 7 subjects, absorption averaged 0.35% with bran muffins, 0.93% with pectin muffins, and 1.27% with both cellulose muffins apd plain muffins (study A, Table 2 ). Only absorption from the bran muffins differed significantly from that of the bran muffins dfesi f that o the plain muffins (t-test = 4.14, p < 0.005).
When ascorbic acid was added to the meals (study B, Table 2 ), there was a parallel increase in absorp tion values, but the relationship between them changed little. Mean absorption from the plain muf fins was 3.52%, almost identical to that from the investigators have assumed an inhibitory effect of When the results of the two studies were comfiber basc:d on in vitro studies of iron binding by bined, the 65% lower absorption from bran muffins fiber components. Reinhold et al. tiI recently report compared with plain muffins was highly significant ed a strong pH-dependent affinity of neutral deter (t-test = 5.20, p < 0.001). In contrast, absorption gent fiber for iron, which accounted for nearly all of from pectin muffins and from cellulose muffins was the iron binding capacity of finely ground wheat or very similar to that of plain muffins (absorption maize bran. Fernandez and Phillips (2) reported tha ratio, 0.83 and 1.00, respectively).
lignin and psyllium mucilage had a pronounced capacity to bind ferrous iron in vitro, whereas celluStudy 2 lose and pectin were much less potent-findings that were confirmed with a caninc; perfusion model A comparison of nonheme iron absorption of absorption (13). from the low-and high-fiber meals is listed in Table  Published studies of the effect of fiber on iron 3. The mean absorption from the low-fiber meal was assimilation in humans are, scant. Using the chemi 6.07% (±1 SE, 4.76-7.75), whereas absorption from cal iron balance technique, Kelsay and coworkers the high-fiber meal averaged 2.96% (±1 SE, 2.27- (14) found no inhibition of high-fiber intake derived 3.87). The mean ratio for absorption from the high-to mainly from fruits and vegetables, although the high low-fiber meal was 0.48, with a relatively narrow dietary content of ascorbic and citric acid may have spread from 0.33 to 1.07 (-1 SE, 0.43-0.53). This offset an inhibitory effect of fiber. The only isotopic twofold difference was high!y significant (t-test = study of the effect of fiber on iron absorption in 7 .31, p < 0.001).
humans was reported by Monnier et al. (15) , who found that p ctin, but not cellulose, inhibits the Discussion absorption of inorganic iron in patients with idio pathic hemochromatosis. It is d ifficu!t to extrapolate The assumption by many investigators that their finding to the absorption of dietary iron, how fiber inhibits the absorption of nonheme iron is ever, because most foods will reduce the absorption based largely on circumstantial evidence. Bran, for of a small dose of inorganic iron. example, has both a strong inhibitory effect on iron
The results in the current study show that two absorption (11) and a high content of fiber, ,though purified fiber sources commonly used in clinical studies, pectin and cellulose, do not reduce iron ini the interpretation.
Geometric mean.
It was not possible to matC;h the low-and high fiber meals with respect to all factors that might influence iron assimilation. For example, about onethird of the iron in the low-fiber meal was added as FeCI:, which is known to exchange with the nonhome pool of dietary iron. Studies with an extrinsic tag have shown that small amounts of iron (0.1-0.5 mg) as FeCl: do not influence absorption from the common pool of nonheme iron (17), but we cannot exclude the possibility that the larger amount (2.7 mg) used in this study had some effect. This seems unlikely, since the iron was added to a relatively large meal containing over 700 kcal and 30 g of protein.
Another technical limitation was the need to add synthetic ascorbic acid to the low-fiber meal to achieve comparable ievels of this vitamin. Layrisse and coworkers (18) have shown that 150 mg of natural vitamin C derived from papaya and 150 mg of synthetic vitamin C are equally effective in their ability to enhanue the absorption of nonheme iron. It is possible that a portion of the natural vitamin C in the high-fiber meal was destroyed in heating, resulting in a higher ascorbate content and facilitating the effect on absorption from the low-fiber meal. It seems unlikely that this was a major factor, since values listed in food composition tables for ascorbic acid do take into accoun t the effect of prep a ratory procedures; on ith( activity of tie vitamin. There were, undoubtedlv, other differences betwew1 these two meals withi re latin to factors affecting 0on availhaiIity: for example, tile high-fiber meal contained greater amounts of malic acid nd citric acid, both of which may facilitate tile assimilation of dietary iron.
Tile present studies were performed ill iron-replete subjects rather than in iron-deficient individuals in whom bioavailability is of g rconern However, the focus of tile StUil WaS Oil the nature of the meal rather than onl biologic response, ald there is no evidence that relative absorption from different meals is influenced bn the level • of iron assimilation.
For example, similar mean absorption ratios were observed in study 1 when ascorbic acid was added to achieve a threefold-to fotirfold-lhigher level of assimilation. In study 2, both nale and fenmale subjects were incluled to obtain a wider range of iron absorp- One exception may be bran, which impairs iron absorption and which made up <10% of the fiber in the high-fiber meal; a greater difference might have been observed had a larger proportion of the fiber been in this form. Our observations, therefore, must be regarded as preliminary. While they suggest that a significant inhibitory effect on iron absorption is not a generic characteristic of all fiber sources, they do not exclude the possibility that some forms of fiber may demonstrate this property.
